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ECOLOGY OF SOIL MICROORGANISMS -- RELATIONSHIP BETWEEN
THE NUMBER OF MICROORGANISMS IN THE SOIL AND
THEIR CHEMICAL ACTIVITY

Michinori Nishio,
Ministry of Agriculture and Forestry, Central Agficultural
Experiment Station, DryyField Farming Section

In studying the ecology of mlcrooganisms as well as that of
the higher animals and plants, the measurement of the types and
numbers of members of communities is, needless to say, necessary
for analysis of the cemmunitlies. In research into soil micro-
organisms as well, from the dawn of the science until today,

a considerable portion of the research effort has constantly
been devoted to studying the methods of measuring the types and
numbers of communltles of mlicroorganisms. Nevertheless, the

situation still remains unsatisfactory in various ways.

Methods of ldentifying the'types of all the microorganisms
present in the soll and of accuwrately measuring the entire num-
bers of akl of them present do not exist at the present time and
probably will not come into existence for some time to come. In
order to indentify the types of microcorganisms, it 1is necessary
for the microorganisms to be separatedy purely from the so0ll onto
a culturing medium. However, the number of microorganisms which
will grow on the culturing medium will amount to no more than
1/10~1/1000 of the number of microorganisms which are stained
together with the soill and are counted under a mlcroscope [1].

In spite of many efforts to improve them, the numerltcal values
obtained by counting methods using culturing media have merely
been increased by several times to 10 times at the very most.
This is far from f1l1ling up the differences amounting to 100 or
1000ttimes. Perhaps because of such conslderations, Imshenetskiy

# Numbers in the margin indicate pagination in the foreign text.
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holds that we are handling only 10% of the total microblal flora
in the natural state [2]. Besides, even though we may have
succeeded in purelﬁ separating them on a culturing medium, there
still are living in the goll many microbes whose genera and
speciies are diffi@ﬁlt to 1dentify. The difficultiesnofiiresearch
intc the microbiai flora in the soil have been well expressed by
Ushikoshl in his general treatment of the subject [3].

As a result of their life, the microorganisms 1n the soil
engage 1in various‘fypes of so-called metabolic’*:aebiviﬁies in
the soil. Indeed, it would be possible to mention microorganisms
having the capacity of performing certainwmmetabolic - activities
after one had ascé}tained whether they had such metabolic "7
capacities by means of pure strains. However, even if micro-
organisms having such metabolic * capacities were present in
the so0il, it would not necessarlly follow that the microorganisms
were performing the metabolic . activities in guestion in the soll.
For example, wlth respect to Azotobacter!, which fixes free

nitrogen gas, it is at least possible to measure the number in

the so0il if a plate culfure of a soil suspension 1s made on an
agar plate contalning a carbon source, but contalning no nitrogen
source. However, 1f the soil used for counting has been sup-
plied with ammonium salts 1n the form of ammonlium sulfate, 1t is

! Attempts were made to inoculate live Azotobacter cells dlrectly
into the soil and to cause them to fix nitrogen for theupunpose
of utilizing it as niltrogen fertiliZer. However, the amount of
nitrogen which the Azotobacter would actually fix in the soil
was less than 0.5 kg/N/ha per yeanj#farwless than the amount of
nitrogen required by the crops (ordinary dryifleld crops are
given about 10 kg N/ha as fertilizer, and horticultural crops
are given several times this amount). Thereforei the plant
growth-accelerating effects of Azotobacter inoculation which are
sometimes seen have been denied 1in view of the nitrogen supply.
The cause for the ilnoculation effects which are sometimes seen
has been attributed to the fact that Azoétobacter secretes anti-
bodies against pathogenic microbes in plants and plant -
hormone-like substances [4]7.




probable that the Azotobacter which have been counfted were

Htiilzing the ammonium salts in their growth rather than fixing
the free nitrogen as in the soil. As 1s seen in this one example,
there are countless cases where the metabolilce . capaclties of
microorganisms vary depending upon the envinronmental conditions.
It is precisely because of this universally known property that --
and I repeat -- 1t 1is difficult to find out the types and numbers
of microorganisms which are actually engaged in a gilven metabolic:
acfivity ., .+ in the soil. Here let us consider briefly some
questionswconnecteg with this.

Contradlictions between Bacteria Counts in the 30il and Thelr
Activity

When one considers the questlion of how one is to find ocut
the types and numbérs of microorganisms actually engaged in
metabolic. . activities in the soll, one must necessarily touch
upcn the question whilch has been grasped superficially under the
expression "the contradiction between the bacteria count and
thelr activity" in the history of soil microbiological research
and which has been abandoned as a "contradiction". That is, let
us suppose,non the one hand, that we measure the activity,ssuch
as the amount of oxygen absorbed in the soil, the amount of
carbonlc aclid gas generated, and the amount of ammonia from
organic matter which has been converted into inorganic forms.

On the other hand, let us count the number of microorganisms in
the soll. When we investigate the relatlonshlp between both
sets of measured values, 1if the system 1s a simple one there
ought to be an increase in the actlivity in direct proportion to
the increase in the number of microorganisms. However, it has
been f{he case only too often that no clear-cut proportional
relationship at all has been observed in the soll between both
sets of measured values. In the very few cases where a propor-
tional relationship has been observed between both values, this
has been regarded as entirely natural, while in the cases where
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&t has not been observed, it has been stated that there was a
"contradiction between the bacteria count and the activity."
Since no easy solution has been found for this "contradiction,"
the matter has been allowed to remaln unsolved. This "contradic-
tion" has not merely remained a slmple phenomenological
"econtradiction;" it has, in fact, even divided soil microbiologl-
cal research into two separate camps. That is, to borrow the
expressions of Pramer [5], soll microbioclogists have been divided
up into those of the "S (so0il) type," who study the metabolism of
the so0il, and those of the "M (microbes) type," who study the
microbial flora. Even though both have dealt . with the same
topics, they haveoproceeded with their research independentlyoof

the other. Thils has glven rise to distrust of metheods of counting

microorganisms in the soil, particularly since the dilution‘plate
methods have been used to measuredonly very few of the microbes
in the soll. The impasse reached by the M type research,

which places chlef emphasls on enumeration, has even led the 8
type persons to accuse their M type colleagues contemptuously

of "enumeratomania" (numerare = number, mania = madness,
"eounting madness") [61.

Such profound antagonism would no doubt never have come
about had there been an explanation of the reason why this
phenomencn of “contradiction between the bacteria count and the
activity™ comes about. However, as mentioned above, the "con-
tradiction" could filnd no easy solution. Nevertheless, it was
not that there were no studies delving into the reasons why the
"contradiction™ occurs. Here let us take up some of these
studies.

~
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2-oxo-l-methyl-6-ureido ; hexahydropyrimidine is a slow-

TP I TR Y P S E A ) @ . .
dctlﬁg nltroﬁeﬁ fertilizer?® which is commonly sold on the market

under the brand name CDU. When the urea radical in its silde
chain 1s removed by an acld hydrolysis reaction, 2-oxo-4~methyl-
6~hydroxy hexahydropyrimidine (CU) is produced.
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When the soll is irrigated with this CU, thennumber of bacteria
will increase in direct proportion to the amount of CU added.
However, as for the relationship between the rafte of decomposi-
tion of CU in the s0il and the amount of CU added, the results
obtained appeared at first glance to be chaotic, as 1s shown in
Fig. 1. Since the number of bacteria increased in direct pro-
portion to the amount of CU added, as long as each of the cells
of the CU decomposing bacteria in the lirfigated soil were able
to decompose CU at an equal speed, one would assume that the CU
decomposition rate 1n the soll ocught to have a simple propor-
tional relationshlp towtheusamount of CU added. The fact that
thiswwas not the case may be called another phenomenon .”- =« -

2 gynthetlc organic fertilizers.which, rather than supplying ni-
trogen in dnorganiec form, as in ammonium sulfate or ammenium
nitrate, supply it in organic form. The nitrogen is utilized
by the plants after it has been converted into inorganic form
in the soil by the action of microorganisms or by acid hy-
drolysis reactions. The object is to assure an effective
period of fertilization longer than that of #norganic fertiligzers.



illustrating the "contradiction between the bacteria count and

the activity."

The CU decomposltion rate of the soil in Fig. 1

actually displayed two proportlonal relationships towards the

4 2 BT CUS AR (pp/ e E he)

I 0 1,000 2,060 3,000

.there were present

- 50 2 KD CUBME /et t) P |
Fig. 1. Relationship be-
tween CU decomposition
rate and initial CU con-
centration during second
irradiation of soll
irrigated with CU solu-
tion.

Key: a. CU decomposi-
tion rate durling second
irrigation (pg/g dry nail
soll<hour); b. Initial

CU concentration durlng
second irrigation

(ng/g dry soil)

amount of €U added. Furthermore,
two types of CU
decomposing bacteria with 4dif-
ferent CU decomposing capacities.
The predominant types of the CU
decomposing bacteria were different
in the soll displaying one pro#&
portional relationship and In the
s0il displaying the other propor-
tional relationship. This was the
reason why a phenomenon occurred
which seemed at first glance to
indicate a "contradiction between
the bacteria count and the activity"
L71d.
differ in a number of thelr pro-
perties, but both belong to the

Corynebacterium [8].

These two types of bacteria

This is a simple case of
Tindings which appeared at first
glance to involve a "contradiction,"
but which were really not "contra-

dictory" at all when the types of the CU decomposing bacteria

were investigated.

Watanabe et al.

[9] measured the numbers of live bacteria

(by the dilution plate method) and the oxygen absorption rate of
the soil at different depths
plowing methods.

in fields plowed with a number cf
There were larger number of llve bacteria nearer
the surface layers and smaller numbers in the deeper layers.
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However, the oxygen absorption rate of the soil did not decrease
with the depth to the same dégree as the decreaseiin the number of
iive bacteria. Large numbers of measured values were organized
and plotted in Fig. 2. It 1s generally believed that the oxygen
absorption rate ought to be pro-
portional to the number of bacteria.
If this were so, the ratio of the
number of bacteria to the oxygen
absorption rate, the B/R plotted on
the ordinate of Fig. 2; ought to
remain constant regardless of the
number of bacteria on the abbeissa.

However, thls was not so in their

—_—

30 |

' . results. There was a smaller B/R
Régaadw Relatlonshlp be-
tween bacteria count/en-

dogenous 0o absorption where there were smaller numbers
Egglo and bacteria count of live bacteria. In other words,
axis: Dbacteria count/ there was a larger oxygen absorption

endogenous 05 absorp-
tion (106 /uzghour)
X axis: bacteria count the lower layers.
(106/g dry soil)
e indicates measured
value in plower layer, These measurements were made
o measured value 1in
unplowed layer.

rate per unlt number of bacteria in

using a manometer to measure the
oxygen absorption rateandf the soil
to which no substrates were added.
However, 1t was salid that there were no doubts about the pro-
cedures, especially when the lower layers of so0il with smaller
numbers of live bacterla were taken from the field and set in the
manometer for measurement. That is, the supplylng of oxygen
(whlch was lacking in the field state) which accompanied the
procedure, the disturbance of the soll, and the measurement tem-
perature (30°C), which was higher than the temperature in the
field, contributed to enhancing the actlvity of the bacteria.
The available organic matter, which had remsined in the lower

ratio in the lower layers of the soil,



layers of field soll unused by the bacteria, was rapidly used by
the bacteria inside the manometer. As a result, the bacteria in
the lower solil layers came to display a far higher oxygen ab-
sorption rate in the manomter than they had 1n the field.
Accordinglyy this was the reason why the oxygen absorption rate
per unit number of bacteria was apparently larger in the lower
layers of soil.

There 1s also the following discussion connected with this,
Babiuk and Paul [10] counted the numbers of bacteria &nd ray
fungl in unplowed soill under a microscope and then conwebted the
counts into the welghts of their organisms. The values throughout
the year were 12-27 g {(dry weight)/m2 in scil depths of 0-10 cm
and 32-76 g/m2 in soil depths of 0-30 cm. However, the various
types of organic substrates supplied to the soil by plants had
values of about 500 g/mz;year, and most of them were concentrated
in the 0-10 em layers., If calculations were made of the main-
tenance energy regulfred fortthenreétovatiiohhdfuthenunstable cell
components of microorganisms, it would amount to more than cne-~
half of the available energy supplied to the seil, and the
microorganisms would be able to multiply only several times. In
other words, thls means that most of the bacteria in the soil
are normally 1n a physiologicaily inactive state and that those
bacteria which are in the lower soll layers, where smaller amounts
of substrates are supprlied, are more poorly nourished. Conse-
gquently, the oxygen absorption ratei: per unit number of these
bacteria in situ in the soll ought to be lower in the lower soll
layers.

The use of a manometer to measure the oxygen absorption rate
of the soll is a standard technique in soil microbiological re-
search. However, the studlies of Watanabe et al. indicate that
there are cases when this measuring technique cannct be used to
measure the in situ okygen absorption rate of bacteria. This



example shows that 1t is difficult not only to find out the types
and numbers of microorganisms which are actugally engaged in soil
metabollsm, but even to measure the rate of 1n situcmetabolism
ltself.

Let us mention another example of investigations of phenome-
na which displayed "contradlction between the bacteria count and
the activity." Since the nitrification reaction of the soil is
carried out exclusively by nitrifying bacterla which are auto-
trophté, such as Nitrosomonas or Nitrobacter, it 1s believed that

the rate of the nitrification reaction, which is an energy acqul-
gition reaction, 1s directly proportional to the number of
nitrifying bacteria in the soil. However, Nishio and Furusaka
[11]eeontinued to irrigate the soll repeatedly whille replacing
the irrigating liguid with fresh nitrite solutions. When they
measured the oxldation rate of the nitrous acid ions and the
number of bacterla oxidlzed by nitrous acld, they found that there
was only a slight increase in the oxidation rate of themmitrous
acid ions as the irrigation was repeated. However, theyonobserved
the foliowing phenomenon: that 1s, the number of bacterilsd
oxidized by nitrous acid continued to increase to a remarkable
degree (Fig. 3). When soil is irrigated repeatedly two or three
times with nitrite solution, the oxidation rate of the nitrous
acid lons in the soll will reach a more or less censtant value
and will then remaln unchanged. For this reason, 1t was assumed
in the past that the nitrification rate and the number of ni-
trifying bacteria were proportional togeach other. Under this
assumption, 1t had been concluded in the past, without measuring
the numbers of bacteria, that the numbers of bacteria oxidized

by nitrous acld 1n such soll would also reach d definitemmaximum
(this soil is called '"soil saturated with nitrifying bacteria™)
{12]. However, in their system, even though the nitrification
rate reached a more or less constant value, the number of
nitrifying bacteria continued to increase.
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Fig. 3. Chronology of formation of nitric acid
ions in soll irrigated with 10 mM sodium nitrite
solution (~0-) and changes in number of bacteria
oxidlized by nitrous acid (-e-) [111].

Key: a. Dry soll
b. Period of irrigation (days)
¢. Logarithm of bacteria count/g dry soil

Analyzing this phenomenon, they made the following observa-
tions. They collected samples of irrigated soils, sought the
initial rates of the nitrification rates when nitrite of various
concentrations was given while shaking it, and obtained the
maximum nitrificatlion rate from the Mlchaells-Menten equation,.
When they compared the maximum nitrification rate in this dis-
persed soll with the nitrification rate in the irtigated state
{approximately the same as the maximum nitfification rate in the
lrrigated state), they found that both were more or less iden-
tical in the initial period of irrigation, but that the difference
between both became increasingly larger as irrigation was
repeated. Thus, the maximum nitrification rate at the dispersed
- state gradually became higher than the rate in the irrigated
state. Fukthermore, when mold fungi were formed into pellets
in a liquid culture, as the pellets became denser and larger,
there also appeared differences Iin the supply of oxygen and sub~-
strate between the surfaces and the interiors of the pellets, and
multiplication of the hyphae were confined to the surfaces of
the pellets. As a result, the weight of the mycelium and the
amounts of oxygen absorbed began to lncrease 1In cubic root fashion,

10 '



rather than in the normal &ogarithmic fashlon,

thesculturing time [13, 14].

wilth respect to

In exactly the same way, the oxi-

dation of the nitric acid lons increased logarithmically wlth
respect to the irrigation time during the initial pericd, but a

cubic root increase was displayed in the later period.

From these

observations, they derived the conclusion illustrated in the

model in Fig. 4 [15].

| "
fmﬂm {HEL

pc=:é;;;¥=:

Fig. 4. Model dlagram of -
mode of multiplication of
nitrous acid-oxidized Dbac-
teria in soll irrigated wilth
nitrite [15]. The cells

on the surface of the cell
Jump (white) are active, but
but the c¢ells on the 1in-
terior (black) are inactive.

Key: a. Repetition of
irrlgation

That 1s,

during the initdal period of
irrigation, which is the stage
where the number of bacteria is
small, the bacteria are present
on the surfaces of the soil
particles either individially

or in the form of small colonies.
Therefore, each cell is able to
obtain an adequate supply of
substrate and oxygen, and there

is logarithmic multiplication.
However, as the bacteria come /12
to multiply in lump form and

the colonles graduallyabecome

larger, the supply of substrate

and oxygen is now limited to the

surface layers. The c¢ells on

the surface layers carry out nitrification reactlons briskly,

but those on the interior fall into a state of starvation and are

tnable to carry out nitPification reactions in the irrigated state.

It is only when the soll is dispersed that they become able to

oxidlize the substrate.

The rate of nitrificationof irrigated

soil is attributable to the cells whilich were active bh the 4

irrigated state.

However, when the nitrifying bacteria are

counted, the measurements are taken after culturing for nearly

1 month in a state where both the c¢ells which were active in the

irrigated soil and those which were in a state of starvation

areumixed t{bgethel" .

For this reason, even though the total

11



number of bacteria continues to incnrease, as is shown in Fig. 3,
there is only a very Slight inerease in the nitrification rate.

This example shows that 1t i1s necessary to recognize the mode
in which the microorganisms are present in the soil and thelr
physiological state.

The three studies mentioned above are among the very few
studies which have traced down phenomena indicating "contradiction
between the bacteria count and the activity" and which have made
it clear why this "contradiction™ exlsts. However, there have
been observations 1in whlch the numbers of microorganisms in the
soil and thelr chemlcal actlivity were directly proportional.
Furusaka and Sato [16] as well as Nio and Furusaka [17] irrigated
the sodl with a glycine solution. They observed that the glycine
oxidation rate and the number of bacteria were exactly propor-
tional, as shown in Table 1, at the time when the glycine was
oxidized and the bacteria multiplled rapidly. In the glycine-
irtigated soil which they studied, bacteria having glycine
oxidizingcapacity multiplied rapldly and specifically until
finally almost all of the bacteria in the scoll were Pseudomonas

. putida, which has glycine oxidation capacity [18]. Furthermore,
most of these bacteria were distributed around the cutéide of the
pellets, where they could easily receive supplies of substrate.
Since it was possible to count these bactferia in ordinary culture
media, a perfect proportional relationship was obtained.

Furusaka and Sato [16] list three reasons why there occur
phenomena indicating "contradlctions between the bacteria count
and the activity." (1) The species of microorganisms which is
performing the actlvity in question is not counted selectively.
(2) Evenithe same species of microorganisms may have differentét
activity depending upon 1its physiocloglecal state. (3) The activity
differs depending upon the microenvircenmental conditions

12



TABLE 1. RELATIONSHIP BETWEEN GLYCINE OXIDATION RATE AND
BACTERIA COUNT [16] .

. . ? B
‘ ‘i?ime » Mﬁﬁ)glyCLne*ﬁ. 4})- ‘ MﬁOMglyc1ne* -
[ (h? e ;Igi ielfg ;;:;—%;a "%, K108 Ce“bi%ﬁ{i{%%ﬁé ria Qq ulf10° cells
; 15 9.9 9 20,2 8.5 16.3
] 42 46.8 234 20.0 42.5 131 32. 4
f fid 27.0 104 26.0 73.0 413 17.7
136 14.5 55 26. 4 27.9 186 15.0

¥ Glycine concentration in irrigation liquid; soil
welght 1s wet soll welght.

surrounding the microorganisms in the soll. Many studies in the
past lave shown "contradictlonsi/ibetween the bacteria count and the
activity" because these points have been ignored and attempts
have been made to make a mechanical connectlon between total
counts of microorganisms, including different species of micro-
organisms and cells in different physiological states and
definite metabelic rates.

Of the three condltions listed above, (2) and (3) are closely
dnterconnected, and it is frequently difficult teo distinguish
between them. Of the studies mentioned above, the example of
the soll irrigated with CU pertains to condition (1). The ex-
ample of the relationship between the number of bacteria in the
field and the oxygen absorption rate and the example of the soil
irrigated with nitrite pertain to conditions (2) and (3). View&éd /13
from the reverse standpoint, the three conditions pointed out by
Furusaka and Sato indicate that phenomena which indicate "con-
tradictions between the bacteria count and the activity" are
splendiid phenomena for analyzlng problems of soil microorganisms
connected with these three conditlons. That is, they reveal that
in the past studles of soill microblology, which have left the

et eeud
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"econtradictions between the bacteria count and the activity"
unsolved, not only was thére little study of the qualitative
contents of the microorganisms counted, butithese was alsoc very
little 1mportance attached to understanding tlie:soil environment
or the physiological state of the microorganisms in 1t. They
also reveal that development of measuring methods taking these
factors into consideration has lagged behind.

Concerning Measuring Methods

Next let us conslder, although in general terms, the prob-
lems concerning measuring methods connected with what has been
stated thus far. These problems concerning measuring methods may
be divided up into a number of categories. The first problems
are those @l measuring the types and numbers of microorganisms
actually engaged in a certalin metabollc activity, taking theilr
physiologlcal states into conslderation.

The first step here is to consider the question of differen-
tiating in the count between the live cells in the soil and the
dead cells, which naturally have no metabolic capacities. The
dilution plate method is currently in universal use as the
method of measuring the number of live microorganisms in the soll.
However, this method handles only part of the microflora in the
soil. On the other hand, in counting methods using milcroscopes,
which are capable of handling the total number of microorganisms
in the soll, the dead microorganisms are also included in the
counts. In this connection, 1f staining of thermicroorganisms
and the soll 1s performed with esterified fluorescent coloring
matter (such'as fluorescein diacetate or dibutyrate), it will be
theoretically possible to differentiate in the count between the
live mlcrobes and the dead ones because, 1n the live microbes,
the acetyl and butyl radiecals 1n the side chain can be removed by
the esterase, and theccoloring matter cancgive out fluorescentt,
light [10]. Separately from this method of observation, attempts

14



have also been made to measure the quantities of live micro-
organisms by estimating the amounts of compounds which are present
only in the live mieroorganisms and absent in the other soll
components. Attention was previously focused on the nucleic
acids. However, even after the death of an organism, the nucleic
aclds are accumulated in the soll., ATP 1s considered to be more
promising because 1t i5 hydrolyzed'immedlately after the death of
a2 microbe. Personnel connécted with NASA first attempted to
estimate the amounts of ATP in the soil, utillzing a luciferin-
luciferase system, for the purpose of discovering whether living
organisms were present on other celestial bodies, or whether the
biochemical preconditions for thelr existence were present [19].
Aside from the original purpose, studles were subsequently made
of the application of ATP to soll microbioclogical research. It
was found that when the number of live microorganisms in the soll
counted by the dilution plate method was multiplied by the mean
ATP contents in the microorganisms measured separately, the
resulting value is usually one to two orders lower than the e§tl-
mated value of the ATP. It i1s believed that the main reason for
this difference is the presence of micreoorganisms other than the
aerobic bacteria which were counted (especially those with large
cells) and the presence of other living organisms [20].

The methods of measuring the number (quantity) of live
microbes in the soll by means of staining or determining the ATP
reqiire further study. However, even in live microbes, there
are differences in the physioclogical actlvities between the spores
and the nutritive cells. Especially in modd fungl, large
numbers of spores are formed all at once, and large number of the
spores are stored up in the soil. For this reason, differentiation
between both in the counts is more necessary in mold fungi than
in bacteria. Most of the mold fungl detected by the dilution
plate method are attributable to spores. For thls reason, the
mold fungli are stalned together with the soil, or the mold fungi
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growing on a slide glass burled in the soll are stained, and the
lengths of the mold fungl are measured. However, identification
of the microbes is impossible with this method. If one wishes
to 1dentify them, it 1s necessary to wash the soil [21] or roots
[22] repeatedly with sterilized water in order to remove as many
of the spores as possible (the hyphae ¢ling to theissoil or the
root hairs and cannot be washed away easily). Then inoculation
is performed on agar plates, and the types of mold fungl ori-
ginating in the hyphae which grow on themplates dre identifiled.
In this case, it is impossible to measure the lengths of the §
hyphae when the identified microbes were present in the scll or
on the roots. Even the development of these measuring methods
alone has enriched research on meld fungi in the soll greatly in
comparison to what it had been before. What was enriched was the
M type research in the mold fungus flora mentioned above, but
hardly anything was done concretely about the relationship between
them and metabolism. Methods of identifying the meld fungi
present in the form of mycelia in the soil or on the roots are
able to make semi-determinations of their frequency ofiwappeanance.
Thus, if the methods are applled to mold fungi which clearly have
a definite metabolic capacity, it ought to be possible to relate
them to metabolism. In addition, the method of usling a fluores-
cent antibody to mark a speciles (or group) of microorganisms in
the soilhaving a speclfic metabollc capacity and of tracking them
by means of a fluorescence microscope will no doubt be useful in
the same sense as the above. Hope 1s entertained about the
fluorescent antibody method 1In the sense that it 1s able to
trace specific microorganisms in situ. However, 1t cannot detect
bacteria in the unicellular state in the scoil, and for this
reason the desired bacteria cannot be detected untll agar has
been inoculated with a soil suspension and a mlcrocolony has
been prepared. For soill bacteria with a low bacteria density,
the fluoresence antilibody méthod 1s at the stage of the dilution
plate method, which has an extremely high sedectivity [23].
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At any rate, the methods described thus far are unable to
establish directly the type and the extent of the metabolic
activities being performed 1n the s50il by the detected mictios
organisms. For these purposes, they are still at the rudimentary
stage.

In this connection, the autoradiography method 1s con-
sldered as one possible means for attaining some progress in the
current situatlon, even though the progress may be slight. Thus
far, 1t has been applied to soil microbiological research only by
a few persons and only within a limited range. First, let us
describe the situation in outline. In 1958, Grossbard attempted
to apply it to soil microbiologieal research [24]. She took
006 and *37ce 1abeled mold fungus bodies buried
in the earth with X-ray films placed on the surface of the soil

autoradiograms of

at a distance from the soll layers where the fungus bodies were
located. Insufficient study was given to thevconditions, and the
onlyiresiilts cobtained were undifferentiated black dots. It was

not even possible to distlnguish between each of the fungus

bodies. Thus, before using the method in the soll, she made a

number of preliminary studles with pure strain on agar. Quite

, 14C labeled plant remalns /14
laid on the surface of theiusdilvand observed the progress of

recently, she took autoradiograms of

analysis of the remains {25, 26]. At this time, she was able to
observe the mold fungl which had incorporated 1”0 in the later
iperiod of decomposition from the pictures of the sunfaces of the
1”0 labeled plant remains (although during the initial period

of decomposition there is a high concentration, there is blacken-
ing of the whole and nothing can be seen). A cover glass coated
with gelatin was then inserted for a definite period of time into
the soil surrounding the plant remains, autoradiograms of this
were taken by the stripping method, and the moldefungl which had
incorporated 14¢ were recognized clearly (since they were located
at a distance from the remains). Elther these mold fungi had

e ayies Ry
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come from the remains, or they had obtained the 1MC by some other

bioleglecal route. Thus, Grossbard's autoradiography sti1l1ll remains
at the level of fragmentary observations of the ecology of soil

microorganisms under restricted conditions.

On the other hand, Furusaka [27] applied autoradiography to
the observation of the mlcerodistribution of sulfate~reduclng
bacterla in water-floodéd so0il. Culturing was performed after
giving NaZBBSOu to water-floocded solil in a glass box. The soil
was washed to remove the unreduced 35804:;‘ Then the glass plates
were removed, a polyethylene cloth and the X-ray film were laid
on the surface of the soil, and the autoradiograms were taken.

In this method, the 35— produced by reduction by the sulfate-
reducing bacteria is immediately deposited in the soil as Fe355
and is not removed by washing. The silver particles in the X-ray
£ilm are blackened in the form of tiny spots. Thanks to this,

it was possible to trace the state of development of the micro-
distribution of the sulfate-reducing bacterlia in the soil.

Waid et al. [29], though not working with soil, cultured

luc-glucose and then:itook

fallen beech leaves for two hours in
"took autoradlograms of the leaves. They distinguished between the
blologically active hyphae of the mold fungl living on the

surfaces of the leaves and the hyphae which were not active.

The current state of appiication of autoradiography in seoil
micréobiological research 1s as outlined above. If we are to move
a step forward and to apply autévadlography to the differential
counting of cells actually engaged in a certaln metabolic activity
in the soll and cells which are not, the contact method used by
Furusaka and his colleagues will bé unsuitable. Either the
dipping method or the stopping method used by Grossbard will be
suitable. Although 1%
such as mold fungi, if we are aadsoiitorobserve bacteria and ray

C 1is satisfactory'for large microorganisms
fungi, autoriadiograms using 3H would appear to be suitable, as
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Grossbard has poéinted out (although she herself has not used them).
Although not working with the soil, Brock and Brock [30] ddminis-
tered SH-thymidine in situ to bacteria called Leucothrix mucor
living on the surface of Polysliphonia lanosa, a red algaq and
observed them by the dipping method. They report that it was
possible to distingulsh between the cells which had incorporated
3H—thymidine and were multiplying and those which had not. There

are no doubt problems which still requlre study before auto-
radiography can be directly applied to differentlial counting &n
connection with the activity o¢f mlcroorganisms in the seoil.
However, even in the soll, as far as studies of metabolic capa-
citles restricted to bacteria which are morphologically easily
distinguishable or to spedific groups of microorganismg are con-
cerned, the autoradiography method is regarded as beling promisging,
as long as 1t is applied in the proper manner, and attempts to
study 1t are awaited.

In the foregoing, we have described in outline the current
situation in methods of counting microorganisms 1in the soll taking
thelr physiclogical states into consideration, as well as the
methods which can be expected to be promising in the immediate
future. However, the situation is still extremely unsatisfactory,
and the day is awaited when better methods can be used in a

routine manner.

The studies of Watanabe et al., which revealed that the oxygen
absorption rates of microorganisms in soll samples as measured by
manometers are not the in situ values, impress on one the urgency
of the problem. They alsc ralse a second problem: that of
measurement of the in situ values of the quantities and rates of
the metabollc processes occurring in the soil. Although this
would appear to be simple at first glance, there are many basic
obstacles, and the in situ values gre difficult to measure in
very many cases, as 1s clear, for example, from the problem of the
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production of antibiotics in the soll. Thus, there are the prob-
lem of railsing the sensitivity of methods of estimating the
metabolites and the problem of increasing the low extraction
ratio from the soil (especially from volcanic ash soil, which is
widespread in Japan). Even though the use of isotopes has
facilitated handling considerably, when attempts are made to
measure the metabolltes of certaln microorganiéms, they are
sometimes suddenly metabolized by other microorganisms into a
different form. Therefore, there arises the problem of grasping
the intermediate reactions in a series of food chains.

Thereills also a third set ofi'problems connected with finding
out the differences in environmental conditions in each micro-
position surrounding the microorganisms in the soll and of finding
out the physiological states of the microorganisms in these
positions. At the present stage, attempts have just begun to
apprecach this problems from the direction of studies in the
microdistribution of miercorganisms in the soil. The reader is
referred to Hattori's general presentation for information on
this point [31].

Conclusion

As an environment for microorganisms, the soll 1s highly
diversified, both macroscopically and microscopically. Eageh
mieroorganism is living in it under specific environmental condi-
tions, and the physiclogical states of each microorganism will
differ according to these conditions. Needless tosay, préaminent
emphasis must be placed on this point in study of the éﬁology of
soilyaifcroorganisms. The aforementioned "contradictions between
bacteria count and activity" focus attention on the importance
of this point, and better measuring methods are desired so that
it can be elucidated coneretedy.
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The above discussilon has been based on this point of view.
However, one would be too rash if, out of excesgive emphasis on
in situ measurement:sor measurement "under specific environmental
conditions," one were to reject as worthless all research and
measurement methods which cannot directly grasp the in gitu
ecology of microorganisms. The ideal is to be able to directly
graspishthe In situ ecology of microorganisms. However, since this
is impossible at the present time, the effort must be made to
devise better measuring methoeds and to accumulate éfforts aiming
a4t using the currently avallable measuring methods to approach
closer and closer to the inssitu ecology of microorganisms.
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